INTRODUCTION
; the reduction in the column abundance of NO and NO2 in winter north of 40 ø to 50øN [Noxon, 1979 [Noxon, , 1980 Coffey et al., 1981] ; and the decrease in the column abundance of HNO3 in spring north of 70 ø latitude [Murcray et al., 1978] . In the 50ø-60øN latitude region, wintertime observations of active odd nitrogen species would be expected to show enhanced variability when compared with summertime observations owing in part to the seasonal differences in the photolysis lifetimes of temporary reservoir species such as HNO,• and N205. In summer the stratospheric flow is relatively weak, planetary waves are usually absent, and the average insolation is maximized and not a strong function of latitude. The abundance of active odd nitrogen in air masses from a broad geographic area may then be expected to be more uniform be- observation site was very sensitive to the air mass trajectory.
For example, the column abundance remained low within the portion of the polar vortex that split and moved rapidly over southwestern Canada during the stratospheric warming of late In this work we attempted to obtain information about the seasonal changes in the altitude distribution of some of the odd nitrogen species at northern latitudes over a three-winter measurement program. We begin with a brief description of the measurement techniques, present the observations, and compare them with our summer observations and with the results from other groups. The data are first discussed only in terms of expected changes from summer to winter due to photochemistry. In the final section we show that stratospheric dynamics must also be considered to explain some of the observations. Throughout this paper, NOx is defined as the sum of NO and NO2, while NOy is reserved for the sum of all the odd nitrogen species, i.e., NOy = NO + NO2 + NO 3 + 2N205 + HNO 3 q-HNO4 + HNO2 + C1ONO 2 + N.
OBSERVATIONS AND COMPARISONS

WITI-I OTI-IER D^T^
The balloon payloads were launched from Canadian Forces Base, Cold Lake, Alberta (110.0øW, 54.4øN), during February of 1977, !978, and 1979. Altitude profiles of 03, HNO3, NO and temperature were determined from each flight. In 1977 only, grab samples were collected on parachute descent and analyzed in the laboratory to determine the N20 , CF2C12 (CFM-12) and CFC13 (CFM-11) content. Ground-based measurements of the stratospheric column abundance of NO 2 were also made during each field trip.
The flights in 1977 and 1978 were conducted under normal winter stratospheric vertical temperature distributions. The flight in 1979 occurred during a stratospheric warming. Some results from this latter flight have been reported previously [Knight et al., 1982; Evans et al., 1982] . Table 1 summarizes the measurement times and indicates the approximate trajectory for each flight.
A data base for summer conditions near this latitude is required for comparison with the winter observations. We have used the results of a number of summertime measurements from Yorkton, Saskatchewan (102øW, 51.3øN), and Gimli, Manitoba (97.1øW, 50.6øN), using essentially the same instrumentation, to provide this base. The choice for the summer altitude profiles is as follows: NO, 03 and temperature are averages taken from Ridley and Hastie [1981] . The NO 2 distribution for high sun conditions is estimated by averaging the morning and evening average NO 2 profiles of Kerr et al. [1982] . The choice of a representative distribution of HNO3 is more difficult. The altitude of the peak mixing ratio in HNO 3 in summer varies from flight to flight so that the average profile of Evans et al. [1978] broadens the distribution and reduces the observed peak mixing ratio. Consequently, we present both the average summer distribution and a single profile from a flight from Yorkton in August 1976.
Nitric Acid
Altitude profiles of HNO3 were derived from measurements of the thermal emission in the 11.3-/•m band made with a liquid nitrogen cooled scanning radiometer. The instrument was similar to the fixed wavelength filter radiometer described by Evans et al. [1976] . The absolute response of the instrument was determined at the launch site by calibration against a variable but temperature-controlled cold target of known emissivity. Details of the data reduction method have been described previously . mixing ratio of NO would be almost impossible to achieve by photochemistry and simple diffusion. Therefore the strong layering must have been due to transport processes. Below the upper layer of NO, each profile also exhibited a region where the mixing was much lower than was observed in summer. In 1979 this region of low mixing ratio extended to the lowest altitudes at which measurements were made, almost to the tropopause. The 1978 data behaved similarly overall, but there was also considerable structure below 20 km with some sharp maxima approaching or exceeding the summer average. In 
Nitrous Oxide and Chlorofiuoromethanes (CFM)
In 1977, whole air samples were collected on parachute descent using sample containers obtained from and prepared similarly to the method developed by the National Oceanic and Atmospheric Administration Aeronomy Laboratory [Schrneltekopf eta!., 1976]. As it was not possible to have an isolated parachute descent and recovery of the grab sample system, the sampling spheres were positioned in the gondola such that all the air sample inlet tubes projected into an aluminum skirt that extended well below the bottom of the gondola to minimize contamination by the payload. One sphere was crushed on surface impact, but the remaining samples were analyzed in the laboratory using an electron capture gas chromatograph.
The results, along with those from a summer flight from Yorkton in August 1977, are shown in Figure 8 . The winter profiles show a folded distribution that is quite dramatic but not unlike one observed for N20 in Alaska in May 1976 by Schrneltekopf et al. [1977] . Less strongly folded distributions have been frequently observed by other groups.
In the 15-to 20-km region the decrease in mixing ratio with Above 18 km there are only minor differences in all three parameters during the observation period. There are some small variations in the 0 3 profiles, but the differences above about 28 km probably reflect the decreasing accuracy of the measurement technique rather than actual variability. An increase of air temperature occurred between February 17 and 18, but the succeeding profiles show an isothermal atmosphere of -55øC above 18 km. The wind speed was relatively constant and its direction shifted slightly to more northerly flow during the observation period. Thus in this altitude region above the Cold Lake vicinity, the atmosphere appeared quite stable for several days prior to the odd nitrogen measurements. There was no obvious change in any of these local observations that would suggest a dynamic cause for either the upper layer in HNO3, the strong NO gradient, or the folded CFM and N•.O profiles.
In contrast, below 18 km, substantial changes in wind speed, 03, and air temperature were evident. Starting late on February 18, the tropopause height, as defined by the change in temperature lapse rate, was driven upward by nearly 3 km by the northward meander of the jet stream, leaving Cold Lake south of the jet core. Also, on February 17, the altitude at which the temperature lapse rate changed was lower than that corresponding to the rapid increase in 03 mixing ratio. This suggests that some tropospheric/stratospheric exchange may have occurred at low altitudes prior to the balloon flight. In fact, the peak in the NO mixing ratio at low altitudes would be consistent with the intrusion of tropospheric air on the equator side of the jet if the upper troposphere were rich in NO. Intuitively, though, one would expect the upper troposphere to be poor in NO, relative to the stratosphere. Thus an alternate explanation of the low-altitude peak must be sought. 1978. Although the observation period in 1978 was quite short, it is evident from Figures 11, 12, and 13 that the stratosphere above Cold Lake did not undergo significant changes for at least a day and a half prior to the odd nitrogen flight. The wind speed and direction data were so similar that only the data from the sonde closest in time to the large balloon flight is given. Compared with 1977, the wind speeds were much lighter at all altitudes. Again there are no meteorological data which would simply explain the strong NO n-fixing ratio gradient near 23 km.
1979. There was a moderate stratospheric warming peak on January 26 and another on February 7 [Quiroz, 1979] 
Ground-Based NO 2 Observations
The stratospheric column abundance of NO 2 was measured using the twilight absorption method first developed by Brewer et al. [1973, 1974] and later modified for this work. The instrument employed a modified 15-cm Ebert spectrometer, having 0.4-nm resolution, set to monitor the zenith sky intensity at five wavelengths, 437.8, 439.3, 442.0, 444.9, and 450.1 nm corresponding to alternate maxima and minima in the highly structured NO2 absorption spectrum. The NO2 and ozone absorption coefficients at these wavelengths are given in Table 2 There are a number of error sources for a twilight zenith sky NO2 measurement. The method is inherently insensitive to the presence of NO 2 in the lowest altitude region of the stratosphere (cf. Figure 17) . Changes in the NO 2 abundance between the wintertime tropopause and about 15 km cannot be accurately resolved. The inversion technique also assumes spatial and temporal homogeneity. Rapid day-to-day NO2 variations, such as those which are observed in stratospheric warming situations, suggest that significant horizontal gradients may occur. Also the conversion of NO 2 to NO at sunrise and NO to •,Tr• •'•'2 at sunset could cause a systematic bias of the measurements. Because of evening twilight NO to NO2 conversion, the method yields a value for the NO 2 column amount which is calculated to be 10-20% larger than the daytime amount. Another error source is the effect of low-level pollution on the measurements. Even though the enhancement factors are relatively small for NO 2 near the ground (Figure  17 ), the amount of NO 2 that is present near urban centers can cause significant absorption on a zenith sky measurement. In a static situation this problem is not too serious because the main effect of low-level pollution is to increase uniformly the twilight absorption curve for solar zenith angles between 85 ø A more important concern is the difference between the morning and evening twilight column amounts. Noxon [1979 Noxon [ , 1980 We shall divide the discussion into two sections. The first part will consider the observations in winter and summer without regard to transport. That is, we shall assume the flow in the 50ø-60øN region to be truly zonal and consider the expected seasonal differences on the basis of current chemistry. The second section will discuss qualitatively the influence of transport processes.
Rate processes referred to in this section are summarized in Table 3 .
Winter/Summer Photochemical Variations at 51ø-54øN
We begin by examining the seasonal differences in the altitude profiles of NOx at 51ø-54øN. The winter NO2 profile was not measured in the program, so its value must be estimated from the NO2/NO steady state ratio, namely,
[NO2]/[NO ] = kl[O3]/JNo 2 (3)
where JNO2 is the photodissociation coefficient for (R3). This approach should be valid and of sufficient accuracy for this discussion because the time constant for the photochemical exchange between NO and NO2 during the day is only a few minutes and the chemistry should be dominated by (R1) and (R3). We have assumed that the abundance of radical species such as HO2 and C10 are insignificant because of the low insolation. Contingent upon the validity of this chemistry we can demonstrate that the observed wintertime profile of NO implies a reduction in NOx and not solely a shift in the partitioning of NOx. Of the remaining possible wintertime reservoirs of NO,, Figure 26) . If all of the NO•, were distributed above about 26 km, the diurnal ratio would be expected to be less in winter than in summer. Conversely, if it were distributed below about 25 km, the diurnal change would be expected to be larger in winter. Table 4 summarizes observed and calculated values of the diurnal ratio of column NO2. An indication of the type of stratospheric flow is included. There is no disagreement in the literature concerning the existence or magnitude of the diurnal ratio in summer in the 40ø-55øN region. However, there are some ambiguities concerning this ratio in winter. These may be due to the following: (1) There is reduced precision of the winter measurements caused by lower NO2 abundance, particularly in the morning.
(2) The technique requires observations to be made to the southeast in the morning and to the southwest in the evening. If much of the NO2 is near 30 km, the absorption air masses are some 300-400 km apart. Even if the stratospheric flow is nonzonal but steady, the two observations may be made on independent air masses. (3) Because 2-3 days are necessary to reach steady state, together with nonsteady flow, changes in temperature, ozone, or insolation could degrade any relation between morning and evening measurements. Indeed, the data of Figures 19 and 21 show incidences of independent trends that could be due to the above factors. Nevertheless, the entries of Table 4 In summary, the majority of the measurements, as well as the calculated value in Table 4 , indicate a significant diurnal change in the winter column amount of NO,• even during cliff and polar vortex conditions. There is strong evidence that N205 to NO,, interconversion accounts for both this variation and the reduction in winter NO,,. However, some data show little diurnal variation in column NO:. Should further measurements confirm these observations, then the presently assumed chemical processes would have to be changed substantially. For example, N20 5 or NO 3 would have to be removed rapidly during the night to products which were incapable of releasing NO•, during a single daylight period. Influence of Stratospheric Dynamics While consideration of N205 production and photolysis can explain the winter decrease in NO,,, the enhanced wintertime variability and strong layering of our measurements, together with the work of Noxon and co-workers [Noxon et al., 1979a [Noxon et al., , b, 1983 Noxon, 1979 Noxon, , 1980 , suggest that stratospheric dynamics plays a dominant role in determining the distribution of trace species at northern latitudes in winter.
A stratospheric flow from the darkened polar region to the observation site can conceptually account for the variability of the mixing ratios of odd nitrogen compounds. In the darkened polar region, NO is converted to NO2 via (R1) and NO2 to N205 via (R4) and (R5). The extent of conversion of NO,, to N20 5 depends upon the residence time at high latitudes, 0 3, and temperature. At lower altitudes, roughly 10-25 km, where in winter the 03 concentration is high, almost complete conversion can occur in a few days. At higher altitudes, proportionately longer times are required, as 03 is less abundant. Moreover, wind speeds at high altitudes are usually greater (cf. Figures 11 and 16) , thus shortening the residence times at high latitudes and the extent of conversion. The daytime abundance of NO,, upon transport of this air mass to a more southern location is then dependent upon the extent of conversion, the rate of NO,, release from N20 5, and the time the air mass has spent in daylight. If the large-scale flow pattern were also to change, then this picture would be complicated by the infusion of air masses from different latitudes or even different altitudes.
Even a cursory examination of the National Meteorological Center (NMC) upper air charts for the northern hemisphere winter reveals that the stratospheric circulation is not very stable over an extended period of time. Indeed the balloon flights sampled three different isobaric systems, and we will attempt to relate the changes in these stratospheric conditions to the three sets of observations. Only in 1977 do the NMC charts indicate a reasonably stable pattern for almost a week prior to the balloon flight. Because of this stability we were able to make a crude analysis of the likely source of the air that was sampled during the flight. In 1978 and 1979 the pressure patterns are either very complex and/or unstable, and it is unrealistic to determine air mass trajectories from a simple analysis of the pressure contours. A proper analysis based upon isentropic trajectories IDanielsen, 1961] is required but is beyond the scope of this paper.
1977.
There whether air arriving over Cold Lake was from within the larger segment of the original polar vortex or from lower latitudes via the polar region driven by the high-pressure system. Such an analysis is beyond the scope of this paper. The NMC maps do indicate that wintertime variability in the northern hemisphere in both transport and species abundance should be expected. The pressure pattern of Figures 29 and 30 is not atypical in winter.
Even though the lack of trajectory information makes analysis of the 1978 data almost impossible, we can try to rationalize some of the observations. If the air mass sampled on February 14 was polar, perhaps from the larger lowpressure vortex in Figures 29 and 30 , then almost complete conversion of NO,, to N20 5 would have occurred because the vortex had been formed at least since the first of the month.
Even if the flow was from 60øN around the high-pressure region to Cold Lake at any altitude between 100 mbar and 10 mbar the transit time would have been at least 3 days and the air temperatures in the range -50øC to -60øC. As for 1977, such a transit would have caused most of the NO,, to be converted to N205 with lesser conversion at the highest altitudes. The NO distribution at Cold Lake would then depend on which actual trajectory or combinations of trajectories and their associated insolation were suffered during the southward motion to Cold Lake. The NO mixing ratio below 23 km was extremely low, which supports a polar region transit at least at these altitudes. Although we do not have any observations of column NO2 at Cold Lake, we would infer from Figure 18 that it was at least as low as in 1977 and considerably lower than in summer. This is consistent with the above argument.
At high altitudes, above 30 km, the observed NO profile in 1978 exceeds the summer average. We would have expected much lower values, especially as there were only 4 hours of sunlight available before the measurements were made. Perhaps, as the vortex pattern was elongated, air masses on the edge of the vortex sustained some insolation. This, together with the shorter transit times at higher altitudes, would explain how these air masses achieved less conversion of NO,, to N205 than those at lower altitudes and consequently contained high NO concentrations.
1979. The isobaric pattern of the NMC charts for the first couple of weeks of February 1979 is not as complicated as for 1978, although the overall situation was more complex, since a stratospheric warming occurred. Figures 14 and 22 show that temperatures in the Cold Lake vicinity were much warmer than normal, and the NMC charts exhibited warming maxima on January 26 and February 7 over the northern part of North America [Quiroz, 1979] .
Selected NMC charts are shown in Figures 31 and 32 . There was an extensive well-developed nonzonal low-pressure vortex throughout the first two weeks which did not extend as far south as Cold Lake. We have not replotted the temperature contours of the NMC charts in Figures 31 and 32 , but in the region north and west of Cold Lake, the temperature contours cross the isobars at large angles. This would indicate the possibility of some vertical mixing. The circulation patterns were similar at all altitudes. The low-pressure vortex was well developed but centered in the eastern hemisphere so that Cold Lake was on the edge of the vortex for the entire period. A high-pressure area was generally centered over Alaska. From February 1 to 7 the apparent flow could have come from either the vortex or originated between 40øN and 50øN and circled the Alaskan high to end up at Cold Lake. The latter air parcel would have reached 75øN for the lower altitudes (100-70 mbar) but only 65øN for the higher altitudes. After February 7 there was a substantial decrease in the flow over Cold Lake. At 100 and 70 mbar the high weakened and moved southwest to leave the flow over Cold Lake weak and from the outer regions of the polar vortex. At higher altitudes the high weakened but spread so that it extended almost to Cold Lake. The flow over the site then was very weak at all altitudes. Therefore the determination of whether the air originated from within the vortex could not be made from the pressure contours. Again, a detailed trajectory analysis is required.
Comparing the measurements with the previous years suggests that the air was of polar origin. The high HNO3 distribution, the low column NO2, and the reduced NO indicate that a polar transit had occurred. However, the transit could have been comparatively shorter because the higher temper- Although we have presented only a very qualitative description of the possible influence of stratospheric dynamics, the account seems to be reasonably consistent with both our observations and the chemistry of N205. We have also presented some evidence that in winter meridional mixing can produce unusual profiles of stratospheric species. Clearly, the northern winter stratosphere presents interesting difficulties for atmospheric modeling efforts.
CONCLUSIONS
We have presented observations made during three balloon campaigns at Cold Lake, Alberta. The vertical distributions of NO, HNO 3, N20, CFM-11, and CFM-12 show substantial changes from measurements of the same species at 51øN in summer. From our wintertime observations we conclude that (1) there is more natural variation in the concentration of all reactive species than in summer, (2) the winter abundance of nitric acid is usually greater and the stratospheric layer is thicker, (3) there is less nitric oxide particularly in the 18-to 25-km region, and (4) the column abundance of NO 2 is lower in winter, but the diurnal ratio is not very different from summer values.
We have given evidence for a reduction of NO,, in winter by the production of N205 in regions of little or no insolation followed by air mass transport to Cold Lake. By using NMC charts of upper atmospheric pressure we were able to show qualitatively that the unusual profiles resulted from air masses at different altitudes having either different origins, for example, polar or mid-latitude, or different transit times from the source to the sampling region.
